Reconstruction of multiple facial nerve branches from a single facial nerve trunk is required after extensive loss of the facial nerve following the resections of malignant parotid tumors or other surgical procedures. For treating facial nerve defects formed between the facial nerve trunk and its branches, cable grafting is used as a standard reconstruction procedure to transplant the multiple nerve grafts between the trunk and reconstructed branches.^[@R1]^ As a more efficient reconstruction technique in these cases, Kakibuchi et al^[@R2]^ have reported "end-to-side loop graft," a unique and innovative technique enabling surgeons to reconstruct multiple branches by an end-to-side suture allowing the distal stump of the facial nerve to be connected to the side wall of single transplanted nerve. The features of this technique include that (a) the reconstruction of multiple facial nerve branches can be achieved without an end-to-end suture to the proximal stump of the trunk of facial nerve using bundling nerve grafts and (b) shorter nerve grafts than that required for cable grafting are used, especially when many branches need to be reconstructed.^[@R2]^ Using cross nerve grafts, Matsuda et al^[@R3]^ have applied this technique to facial nerve reconstruction in a rat model and demonstrated that axonal distribution appears from the facial nerve trunk to 4 facial nerve branches, including 2 ipsilateral and 2 contralateral branches. On the other hand, axonal supercharge, a concept of actively inducing double innervation from multiple neural sources for more reliable functional recovery of the target organ, has recently been reported by several investigators.^[@R4]--[@R6]^ Yamamoto et al^[@R5]^ have performed an interpositional nerve graft involving 2 end-to-side sutures to transplant the greater auricular nerve between the facial nerve trunk and the hypoglossal nerve in patients with facial nerve paresis, and a strong muscle contraction is restored by establishing the double innervation of the mimetic muscles via the facial and hypoglossal nerves. To incorporate the concept of double innervation into the aforementioned end-to-side loop grafting, an end-to-side suture of the nerve end to the hypoglossal nerve can be made to create a network with multiple power sources that promote the distribution of more regenerating axons to each branch. This technique contrasts with the original technique, which involves an end-to-end suture of the end of the nerve graft to the distal stump of the farthest facial nerve branch. However, many aspects of the end-to-side loop graft technique remain unknown, including (a) the quantity and percentage of axonal distribution to the 4 main branches of the facial nerve, (b) the localization of each branch in the facial nucleus, (c) the effect of axonal supercharge from the hypoglossal nerve enhanced by the function of the end-to-side loop graft, and (d) a question which branch is most benefited from the 4 branches over the axonal supercharge. These unknown factors are probably due to the lack of a suitable rat model for facial nerve reconstruction that precisely reproduces the original end-to-side loop graft technique used clinically, where a unilateral facial nerve trunk is used to reconstruct the 4 main ipsilateral facial nerve branches.

This study developed a new animal model for facial nerve reconstruction in rats to evaluate the combination of end-to-side loop graft technique for reconstructing the 4 main facial nerve branches using the ipsilateral facial nerve trunk with axonal supercharge from the hypoglossal nerve and physiologically and histologically evaluated the features of this technique and its ability to promote nerve regeneration.

MATERIALS AND METHODS
=====================

Surgical Procedure
------------------

Lewis rats (8 weeks old, approximately body weight: 200--250 g) were anesthetized with 4% isoflurane administered by a nasal mask^[@R7]^ connected to a Univentor 400 Anesthesia Unit (Univentor, Zejtun, Malta). A preauricular incision with a marginal mandibular extension was made on the left side of the face to expose the trunk of facial nerve (TF), the temporal (TB), zygomatic, buccal (ZB), and marginal mandibular branches (MMB) of the facial nerve, and the hypoglossal nerve (HG) (Figs. [1](#F1){ref-type="fig"}A, B). The temporal, zygomatic, buccal, and marginal mandibular branches of the facial nerve were cut at the anterior border of the parotid gland using microsurgical scissors (MB-51-10; Natsume Seisakusho, Tokyo, Japan). The facial nerve trunk was cut at the inferior border of the auricular cartilage. The excised portion of the left facial nerve was then reconstructed by an end-to-side loop graft using a 20-mm autologous nerve graft taken from the contralateral buccal branch of the facial nerve.^[@R2]^ The detailed procedure for nerve suturing was as follows. One end of the nerve graft was sutured to the facial nerve trunk by end-to-end neurorrhaphy, and the temporal, zygomatic, buccal, and marginal mandibular branches were sequentially sutured by end-to-side neurorrhaphy at 2-mm intervals starting at a point 5 mm from the end-to-end suture of the facial nerve trunk (Fig. [1](#F1){ref-type="fig"}C). In the supercharge group, the other end of the nerve graft was end-to-side sutured to the hypoglossal nerve to obtain axonal supercharge (Fig. [1](#F1){ref-type="fig"}D). In the nonsupercharge group, the nerve graft was end-to-end sutured to the mandibular branch followed by cutting and removal of the excessive nerve graft (Fig. [1](#F1){ref-type="fig"}C). End-to-side sutures were performed through an epineural window, and all nerve sutures were performed by epineural suture using a 10-0 nylon suture (Nescosuture; Alfresa, Osaka) with a microscope (M651; Leica Microsystems, Wetzlar, Germany). Both transplanted (nonsupercharge and supercharge groups) and intact rats were subjected to histological and physiological evaluations at 30 weeks after transplantation. A 30-week period allowed the reconstructed branches of facial nerve to mature sufficiently to show their physiologic functions such as compound muscle action potential (CMAP) safety.

![Surgical procedure in a rat model. A, A preauricular incision with a marginal mandibular extension was made on the left side of the head. B, The trunk and 4 main branches of the facial nerve were exposed. BB indicates buccal branch of the facial nerve; HG, hypoglossal nerve; MMB, marginal mandibular branch of the facial nerve; TB, temporal branch of the facial nerve; TF, trunk of the facial nerve; ZB, zygomatic branch of the facial nerve. C, In the nonsupercharge group, each of the 4 branches was cut at the anterior border of the parotid gland and sutured to a nerve graft collected from the contralateral buccal branch of the facial nerve to make an end-to-side loop graft. D, In the supercharge group, the distal end of the transplanted nerve was end-to-side sutured to the hypoglossal nerve to obtain axonal supercharge. Scale bars show 10 mm.](gox-2-e240-g001){#F1}

All animal care and handling procedures were performed in accordance with the "Principles of Laboratory Animal Care" of Tokyo Women's Medical University Animal Experimentation Committee.

Histological Analysis of Myelinated Fibers
------------------------------------------

The intact control and transplanted rats were deeply anesthetized with sodium pentobarbital and perfused with 4% paraformaldehyde solution via a cannula inserted into the left ventricle of the heart. After the trunk of facial nerve with the branches was removed, the temporal, zygomatic, buccal, and marginal mandibular branches of the facial nerve from the intact (*n* = 5), nonsupercharge (*n* = 5), and supercharge (*n* = 5) groups (Figs. [2](#F2){ref-type="fig"}A--C) were fixed with 10% formalin in phosphate-buffered saline (PBS), postfixed in 1% osmium tetroxide for 10 days, dehydrated through a series of graded ethanols, and paraffin-embedded. Serial sections (1 μm in thickness) were cut, stained with 0.1% toluidine blue, and examined with an Eclipse E800 light microscope (Nikon, Tokyo).

![Schemas of nerve collection sites in rat faces: the intact group (A); the nonsupercharge group (B); and the supercharge group (C). Double-ended arrows indicate the nerve collection sites. D, Osmium-toluidine blue staining of the cross section of the trunk of facial nerve and each branch in the intact, nonsupercharge, and supercharge groups.BB indicates buccal branch of the facial nerve; MMB, marginal mandibular branch of the facial nerve; TB, temporal branch of the facial nerve; TF, trunk of the facial nerve; ZB, zygomatic branch of the facial nerve. Scale bars shows 20 μm.](gox-2-e240-g002){#F2}

The myelinated fibers in each specimen (*n* = 15) were manually counted by 2 examiners (twice each) under the light microscope, and the average was calculated (Fig. [2](#F2){ref-type="fig"}D). Axon diameter and myelin thickness were measured with ImageJ software version 1.47 (National Institutes of Health, Bethesda, Md.).

CMAP Recordings of the Vibrissal Muscles
----------------------------------------

CMAP was measured as described previously.^[@R8]^ Briefly, rats were intraperitoneally anesthetized with urethane (1.2 g/kg body weight) and placed on a stereotaxic apparatus. Rectal temperature was maintained around 35--36 °C using a temperature controller (40-90-8D) (FHC, Bowdoin, Maine). Stages of anesthesia were maintained by confirming the lack of vibrissae movement and eyelid reflex.^[@R9]^ To record CMAP, a stainless-steel microelectrode (9--12 MΩ at 1 kHz, UESMGCSELNNM-type) (FHC) was inserted into the vibrissal muscles between the middle vibrissal rows C and D. A reference electrode (TN204-089B; Unique Medical, Tokyo) was placed caudally on the skull. To stimulate the reconstructed nerve, a tandem hook-shaped stimulation electrode (IMC-220224; Inter Medical, Aichi) was attached to the buccal branch of the facial nerve in the intact (*n* = 5), nonsupercharge (*n* = 5), and supercharge (*n* = 5) groups, and monopolar stimulation pulses at a supramaximal level (\~2 mA, 100 μs) were delivered at 0.2 Hz via an isolator (SS-202J; Nihon Kohden, Tokyo). Recorded signals were processed with a multichannel amplifier (MEG-6100; Nihon Kohden) at 15--10,000 Hz and then digitized at 40 kHz using a PowerLab4/30 and LabChart7 system (ADInstruments, Dunedin, New Zealand). Data were analyzed in an offline manner with Igor Pro software (Wavemetrics, Lake Oswego, Ore.). The upward trace gave a negative deflection (depolarization), and 10 consecutive traces were averaged. Amplitude was measured as the difference in voltage between maximum and baseline CMAP amplitude. The duration of CMAP was calculated as the time between the 2 points where the baseline was crossed by the rising and declining CMAP curves.

Retrograde Labeling of Facial and Hypoglossal Motor Neurons through the Supercharged Nerve
------------------------------------------------------------------------------------------

Twenty-eight weeks after the surgery, rats were anesthetized with 4% isoflurane and injected, through a 25-0μL Hamilton syringe, with 200 μL DiO (0.5%) in *N*,*N*-dimethylformamide (D-275) (Invitrogen, Carlsbad, Calif.) into the left whisker pad, 100 μL DiI (1%) in ethanol (D-282) (Invitrogen) into the orbicularis oculi muscle, and 100 μL DiD (1%) in ethanol (D-307) (Invitrogen) into the tongue. Two weeks later, rats were deeply anesthetized intraperitoneally with urethane or pentobarbital sodium and transcardially perfused with 150 mL physiological saline followed by 300 mL of 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB) at pH 7.4. The brain was then removed and postfixed overnight in the same fixative. Coronal sections (50 μm in thickness) of the brain stem were made with a vibrating-blade microtome (VT1000S; Leica Microsystems), washed with 0.1 mol/L PB, mounted on gelatin-coated glass slides, and cover-slipped with an aqueous mounting medium. Images were taken by a Zeiss LSM 710 scanning confocal microscope with a 10× objective lens (Plan-Apochromat 10×/0.45 M27) (Carl Zeiss, Oberkochen, Germany) with 0.7× digital zoom.

Statistical Analysis
--------------------

Results are expressed as the means ± SD, and a probability value less than 0.05 was considered significant. The number of myelinated fibers, axon diameter, myelin thickness, CMAP amplitude, duration, and latency in each group were analyzed by analysis of variance and Tukey's multiple comparison test in GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, Calif.).

RESULTS
=======

Evaluation of postoperative facial appearance at 30 weeks after transplantation revealed that, in all rats in the nonsupercharge and supercharge groups, facial palsy was improved compared with immediately after reconstructive surgery, while the synkinesis of blinking and whisker movement were observed in all rats.

No significant differences were found in the number of myelinated fibers in the facial nerve trunk among the 3 groups. The numbers of myelinated fibers in the buccal and marginal mandibular branches in the nonsupercharge and supercharge groups were significantly higher than that in the intact group. No significant differences were observed between the nonsupercharge and supercharge groups in this parameter for any branches (Table [1](#T1){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}A).

###### 

Number of Myelinated Fibers of Reconstructed Branches of the Facial Nerve

![](gox-2-e240-g003)

![The numbers of myelinated fibers, axon diameters, and myelin thicknesses of the intact, nonsupercharge, and supercharge groups. A, No significant differences were found in the numbers of myelinated fibers in the facial nerve trunk among the 3 groups. The numbers of myelinated fibers in the buccal and marginal mandibular branches in the nonsupercharge and supercharge groups were significantly higher than that in the intact group. No significant differences were found between the nonsupercharge and supercharge groups in this parameter for any branches. B, With respect to axon diameter, no significant differences were found between the nonsupercharge and supercharge groups for the trunk, temporal branch, or zygomatic branch of the facial nerve, whereas significantly higher values were noted in the supercharge group for the buccal and marginal mandibular branches compared with the nonsupercharge group. For all branches except for the temporal branch, the values in the intact group were significantly higher than those in the nonsupercharge and supercharge groups. C, With respect to myelin thickness, no significant differences were found between the nonsupercharge and supercharge groups for the trunk and temporal branch, whereas significantly higher values were noted in the supercharge group for the zygomatic, buccal, and marginal mandibular branches compared with the nonsupercharge group. For all branches, the values in the intact group were significantly higher than those in the nonsupercharge group. The values in the supercharge group were significantly lower than those in the intact group for the trunk, zygomatic branch, and buccal branch, whereas no significant differences were found for the temporal and marginal mandibular branches. BB indicates buccal branch; MMB, marginal mandibular branch of the facial nerve; TB, temporal branch; TF, trunk of the facial nerve; ZB, zygomatic branch. Analysis of variance and Tukey's multiple comparison test were used for statistical analyses. \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](gox-2-e240-g004){#F3}

In terms of axon diameter, no significant differences were found in the trunk, temporal branch, and zygomatic branch of the facial nerve between the nonsupercharge and supercharge groups, whereas significantly larger diameters were noted in the supercharge group for the buccal and marginal mandibular branches---the 2 farthest branches from the trunk and the 2 closest branches to the hypoglossal nerve. Moreover, the diameter was significantly larger in the intact group than in the transplantation groups for all branches except the temporal branch (Table [2](#T2){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}B).

###### 

Axon Diameter of Reconstructed Branches of the Facial Nerve
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With respect to myelin thickness, no significant differences were found in the trunk or temporal branch between the nonsupercharge and supercharge groups, whereas the supercharge group showed significantly thicker myelin for the other 3 branches away from the trunk (the zygomatic, buccal, and marginal mandibular branches) compared with the nonsupercharge group. All branches in the intact group showed significantly thicker myelin than those in the nonsupercharge group. The values for the trunk, zygomatic branch, and buccal branch were significantly lower in the supercharge group than in the intact group, whereas no significant differences were found between the temporal and marginal mandibular branches (Table [3](#T3){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}C).

###### 

Myelin Thickness of Reconstructed Branches of the Facial Nerve
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In the physiological function evaluation by CMAP, the waveform of the supercharge group was more similar to that of the intact group than to that of the nonsupercharge group (Figs. [4](#F4){ref-type="fig"}A--C). CMAP amplitude in the supercharge group was significantly higher than that in the nonsupercharge group and similar to that in the intact group (Fig. [4](#F4){ref-type="fig"}D). No significant differences were found in CMAP duration among the 3 groups (Fig. [4](#F4){ref-type="fig"}E). With respect to CMAP latency, significantly better value was recorded in the intact group compared with the 2 transplanted groups, whereas no significant difference was found between the supercharge and nonsupercharge groups (Table [4](#T4){ref-type="table"} and Fig. [4](#F4){ref-type="fig"}F).

###### 

Compound Muscle Action Potential of the Vibrissal Muscles
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![Compound muscle action potential (CMAP) analysis. CMAPs recorded from a whisker pad after supramaximal stimulation in the intact (A), nonsupercharge (B), and supercharge (C) groups. Each trace was the mean of 10 consecutive raw traces. D, The mean CMAP amplitude was significantly higher in the supercharge group (4.18 ± 1.49 mV, *n* = 5) than in the nonsupercharge group (1.87 ± 0.37 mV, *n* = 5) and was similar to that in the intact group (4.11 ± 0.68 mV, *n* = 5). E, No significant differences in CMAP duration among the intact (1.44 ± 0.31 ms), nonsupercharge (1.73 ± 0.36 ms), and control (1.38 ± 0.43 ms) groups were found. F, With respect to latency, significantly better values were recorded in the intact group (1.31 ± 0.30 ms) than the 2 transplanted groups, whereas no significant differences were found between the supercharge (2.04 ± 0.43 ms) and nonsupercharge (1.96 ± 0.66 ms) groups. Analysis of variance and Tukey's multiple comparison test were used for statistical analyses. \**P* \< 0.05; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](gox-2-e240-g008){#F4}

The fluorescent retrograde neuronal tracing analysis showed the distinct localization of DiI- or DiO-positive motor neurons innervating the orbicularis muscle and whisker pad in the facial nerve nucleus in the intact group (Fig. [5](#F5){ref-type="fig"}A). In the hypoglossal nerve nucleus, DiD-positive motor neurons were identified as the only positive innervating motor neurons (Fig. [5](#F5){ref-type="fig"}B). By contrast, in the nonsupercharge group, irregularly distributed motor neurons innervating the orbicularis muscle (DiI) and whisker pad (DiO) were observed in the facial nerve nucleus. In the hypoglossal nerve nucleus, consistent with that of the intact group, DiD-positive motor neurons were identified as the only positive innervating motor neurons (Fig. [5](#F5){ref-type="fig"}C). In the supercharge group, irregularly distributed motor neurons innervating the orbicularis muscle (DiI), whisker pad (DiO), and tongue (DiD) were observed in the facial nerve nucleus. These findings were similar to that observed in the hypoglossal nerve nucleus, with the irregular distribution of the motor neurons innervating the orbicularis muscle (DiI) and whisker pad (DiO) as well as the tongue (DiD) (Fig. [5](#F5){ref-type="fig"}C). These results demonstrated that both mimetic muscles and tongue were double-innervated by the facial and hypoglossal nerve nuclei in the supercharge group.

![Fluorescence retrograde neuronal tracing analysis with DiI, DiO, and DiD. The upper row shows the low-power coronal view of the rat brain stem. DiO- and DiI-labeled facial motor neurons (A) and DiD-labeled hypoglossal motor neurons (B) in intact rat facial and hypoglossal nuclei. Scale bar indicates 1 mm. C, High-power view of labeled facial and hypoglossal motor neurons in the intact, nonsupercharge, and supercharge groups. Scale bar indicates 200 μm. Marks "7N" and "12N" indicate facial and hypoglossal nuclei, respectively.](gox-2-e240-g009){#F5}

DISCUSSION
==========

The results of the fluorescent retrograde neuronal tracing analysis and histology of nerve cross-sections showed that the end-to-side loop graft technique was able to achieve axonal distribution from the facial nerve trunk to its 4 branches (Fig. [6](#F6){ref-type="fig"}A). Moreover, the presence of bidirectional nerve regeneration in the transplanted nerves, as demonstrated by the coexistence of (a) axons extending from the mimetic muscles to the hypoglossal nerve nucleus and (b) axons extending from the tongue to the facial nerve nucleus, was achieved in the supercharge group (Fig. [6](#F6){ref-type="fig"}B). In the present experimental model using the end-to-side loop graft technique, the addition of supercharge from the hypoglossal nerve was associated with better nerve maturation, despite no significant difference in the numbers of axons, and better physiological results compared with the nonsupercharge group. There were 2 possible explanations for this. The first possible reason was the differential functions of the 2 motor sources: the facial nerve and the hypoglossal nerve. The hypoglossal nerve has notably stronger motor neurons than the facial nerve and can induce, therefore, the faster functional recovery of the facial mimetic muscles,^[@R10]^ suggesting that these 2 nerves, despite having the same number of axons, were associated with the differential physiological performance of the mimetic muscles. This study assumed that in the physiological function test performed in this experimental model, the regenerating facial nerve branches containing axons originating from an additional motor source (the hypoglossal nucleus in the supercharge group) induced a stronger muscle contraction than those comprising only axons originating from the facial nerve nucleus (like the nonsupercharge group).

![Schemas of an end-to-side loop graft. A, The nonsupercharge model, and axonal distribution occurred from the trunk to the 4 branches of the facial nerve through the transplanted nerve. B, The supercharge model, and bidirectional axonal distribution occurred with axon elongation from both the facial nerve and hypoglossal nerve trunks. The yellow areas show the recipient nerve, and the green areas show the transplanted nerve. The blue arrows indicate axon elongation from the facial nerve trunk, and the red arrows indicate axon elongation from the hypoglossal nerve.](gox-2-e240-g010){#F6}

The second possible reason was that axonal supercharge allowed more axons to reach the mimetic muscles within a shorter time, preventing the progressive deterioration of the target organ. The axon elongation rate is an important factor inhibiting collateral branching and terminal sprouting during nerve regeneration.^[@R11]^ The regeneration potentials of the 2 proximal branches of the facial nerve, the temporal and zygomatic branches, depended mainly on axonal elongation from the facial nerve nucleus, regardless of the presence of supercharge, meaning that the 2 branches had a similar axon elongation rate, resulting in similar histological findings in terms of regeneration. On the other hand, the 2 distal branches of the facial nerve, the buccal and marginal mandibular branches, received axon elongation from not only the facial nerve nucleus but also the hypoglossal nucleus, a more proximal motor source, in the presence of supercharge, meaning that more axons reached the target organ within a given time frame compared with the nonsupercharge group. Consequently, the branches closer to the hypoglossal nerve (ie, the motor source of axonal supercharge) more effectively prevented the deterioration of the target organ and promoted nerve maturation.

This study also revealed several issues regarding the end-to-side loop graft technique. First, the technique, with or without supercharge, disrupted the myotropic organization of the facial nerve branches. The loss of myotropic organization might lead to the impaired physiological function of the mimetic muscles. Another issue was the possibility of collateral axonal branching caused by the technique. In this experimental model, although no significant differences were noted in the number of axons in the facial nerve trunk between the intact and end-to-side loop graft groups, the numbers of axons in all 4 branches were significantly higher than that of the latter group (Table [1](#T1){ref-type="table"}). This was probably due to several collateral axonal branches originated from a single axon extending from the facial nerve nucleus in the end-to-side loop graft group. Collateral axonal branching at the lesion site and the regrowth of axons to incorrect muscles significantly delay the functional recovery of a regenerating facial nerve^[@R12]^ and may also result in synkinesis. Both these factors were likely responsible for the inferior physiological function observed in the end-to-side loop graft group compared with the intact group. Therefore, additional strategies should be explored to promote a functional recovery after an end-to-side loop grafting.

The authors have previously reported that a vascularized nerve graft affords better nerve regeneration than a nonvascularized nerve graft in facial nerve reconstruction with a poorly neovascularized graft bed.^[@R8]^ The authors expect that the combined use of a vascularized nerve graft with an end-to-side loop graft will lead to optimal functional recovery, which more closely resembles to what observed in the intact group than what obtained with the present experimental model.

CONCLUSIONS
===========

Unilateral multiple facial nerve branch reconstruction with an end-to-side loop graft was able to achieve reinnervation and axonal distribution. Although a level of nerve regeneration obtained by end-to-side loop grafting alone was lower than that of the intact group, the addition of axonal supercharge from the hypoglossal nerve to end-to-side loop grafting significantly improved histological and physiological outcomes. The effect of axonal supercharge was more pronounced in branches closer to the hypoglossal nerve.
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